AN ABSTRACT OF THE THESIS OF
Jing Sun for the degree of Honors Baccalaureate of Science in Microbiology presented on
May 29, 2008. Title: Transcription Factors Associated with Tomato Seed Germination.

Abstract
approved:__________________________________________________________
Hiroyuki Nonogaki, Associate Professor
Seed germination is strictly defined as the physiological events before radicle
protrusion through the endosperm cap, the endosperm region adjacent to the radicle tip.
There are two opposing forces governing seed germination: the growth potential of the
embryo and the mechanical resistance of the endosperm cap. The endosperm cap cell
wall is composed of galactomannan, which is degraded mainly by endo-β-mannanase.
LeMAN2 encodes an endo-β-mannanase which is induced by gibberellin (GA) during
germination. The upstream regulators of LeMAN2 are unknown in tomato. Using the
information available for GA-inducible transcription factors in Arabidopsis, tomato
orthologues of GA-inducible transcription factors were identified and characterized.
Four transcription factors are found to be expressed in germinating seeds. One of these
genes, GATA2 exhibited stage- and tissue-specific expression similar to that of LeMAN2.
GATA2 contains a GATA zinc finger domain similar to the zinc finger domain of AGP1
in tobacco which binds the AG motif in the promoter region of NtMYB2, a Myb protein.
An orthologue of NtMYB2 is expressed in tomato seed during germination. The tomato
GATA2 is hypothesized to be involved in the induction of LeMAN2 in an indirect manner
through the regulation of a Myb protein.
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Transcription Factors Associated with Tomato Seed Germination

Chapter 1.

General Introduction

Jing Sun

Seeds maintain vital functions upon which our daily lives are dependent. Seeds
are the basis for agriculture, which is an important factor in the world economy. Crops
such as maize, soybean, wheat and rice are the major dietary staples in nations around the
world and therefore humans have become dependent on seeds as a direct and indirect
food source (Grant et al., 1983). Seeds are the primary dispersal unit of plants which
enables successful propagation and maintenance of plant species. As the source of
nutrition and protection of the embryo, seeds allow the establishment of the next
generation of plants.

Plants are an important component of the environment and

ecosystem around us. Ecosystems are complex webs of animal and plant life. Plant
propagation through seeds is essential in maintaining this delicate balance in nature.
Seeds are the delivery system of genetic information for the adult plant. Through the
genetic information carried by seeds, the adult plants exhibit various phenotypes. For
example, crop characteristics such as drought tolerance, hardiness and fruit size are
determined by the genetic information contained in seeds.
As the delivery system of genetic information and the dispersal unit for future
progeny, seeds have evolved specific morphology and structure designed to protect the
embryo and provide the highest probability for survival (Fig. 1).
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Embryo

Figure
1.
The
morphology of seeds.
Example of tomato seed is
shown. Seed is designed
to ensure the proper
protection for the embryo.
The embryo is surrounded
by the endosperm and
testa (seed coat).

Seeds are composed of three main tissues: the embryo, endosperm, and testa. The
embryo is derived from a zygote, a single cell after fertilization, and will develop into the
next generation of plants. The embryo consists of the radicle, hypocotyl, and cotyledons.
The radicle protrudes through the endosperm and testa and develops into the main root.
The hypocotyl functions in the transfer of nutrients to and from the cotyledons.
Cotyledon is an embryonic leaf and can be one (monocotyledonous plants) or two
(dicotyledonous plants).

The endosperm functions as a nutrient reserve for the

developing embryo. The endosperm also provides mechanical resistance to prevent
radicle emergence (Watkins et al., 1985; Groot and Karssen, 1987; Sanchez et al., 1990;
Bewley, 1997). The testa, the outermost tissue of a seed which is also known as the seed
coat, provides protection to the embryo during seed dispersal, storage and germination.
The testa also functions in seed dormancy and longevity (Debeaujon and Koornneef,
2000; Debeaujon et al., 2007).
As the beginning for most plants, seed germination is a critical step in the plant
life cycle. Seed germination is strictly defined as the physiological events prior to radicle
protrusion through the endosperm and testa (Nonogaki et al., 2007). Seeds must first
break the desiccated state by imbibition. After water uptake, seeds begin germination
unless they are dormant. Germination is completed with radicle emergence. Germination
is characterized by two opposing forces: the mechanical resistance of the endosperm and
testa and the growth potential of the embryo (Fig. 2).
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Figure 2. Schematic representation of the
opposing forces of seed germination. The
embryo growth potential (closed arrow) must
be greater than the mechanical resistance of
the endosperm and testa (open arrow) in
order for radicle to protrude.

If the mechanical resistance of the endosperm decreases, the growth potential
increases, or both occur simultaneously, the radicle tip is able to protrude through the
endosperm and testa and the seed completes germination. In any scenario, the growth
potential of the embryo must exceed the mechanical resistance of the endosperm in order
for the seed to germinate.
While the forces behind the mechanisms of seed germination have been
understood, the molecular mechanisms underlying the regulation of seed germination are
not yet clear. Regulatory proteins such as transcription factors need to be characterized.
This thesis focused on the investigation of transcription factors involved in seed
germination. Transcription factors and their roles in germination were studied using
tomato seed which has become a model system for seed germination research. The entire
tomato genome has not yet been sequenced. Therefore, translation of the information
obtained from the model plant Arabidopsis to tomato was attempted. Thus, this research
focused on translational biology which has potential to aid in agriculture and food
production in the future.
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Chapter 2

Transcription Factors in Tomato Seeds

Jing Sun
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INTRODUCTION
Seed germination is completed by radicle emergence which is a consequence of
an increase in embryo growth potential: the embryo overcomes the mechanical resistance
of the endosperm. In addition to the increase in the embryo growth potential, a weakening
of the endosperm is necessary for germination to occur (Cantliffe et al., 1984; Groot and
Karssen, 1987). In the micropylar region of the endosperm (endosperm cap), the cell
wall provides mechanical resistance to the radicle (Groot and Karssen, 1987; Chen and
Bradford, 2000).

The cell wall of tomato endosperm cap is composed of mannan

polysaccharides, galacto-, gluco-, or galactoglucomannans (Groot et al., 1988). The
cleavage of these mannan chains weakens the cell wall and allows radicle protrusion. A
few enzymes are known to modify the galactomannan chains: α-galactosidase, βmannosidase, and endo-β-mannanase.

The enzyme α-galactosidase cleaves the

galactoses from the main mannan backbone, β-mannosidase removes the mannose
residues from the mannan chain terminus and endo-β-mannanase cleaves the mannan
chain internally (Bewley and Black, 1994).
The gene LeMAN2 (Lycopersicon esculentum [currently Solanum lycopersicum]
mannanase) is known to encode an endo-β-mannanase. Tissue printing of wild-type
tomato seeds and hybridization with the LeMAN2 probe have shown that LeMAN2 is
expressed primarily in the endosperm cap (Nonogaki et al., 2000). It is known that
LeMAN2 is upregulated by the plant hormone gibberellin (GA). GA plays important
roles in many biological processes including seed germination (Crozier et al., 2000;
Yamaguchi, 2008). Molecular mechanisms of LeMAN2 upregulation and the induction
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of seed germination by GA are unknown in tomato seed. Upstream regulators of LeMAN2
in tomato seeds have not been identified.
In the model plant Arabidopsis thaliana, transcription factors induced by GA
during seed germination have been identified (Ogawa et al., 2003). These transcription
factors are hypothesized to control downstream genes associated with seed germination.
Orthologues of these Arabidopsis transcription factors in tomato are potentially involved
in the regulation of seed germination. Bioinformatic analysis using databases such as the
Expression Sequence Tag (EST) Databases was performed to identify the tomato
orthologues corresponding to these Arabidopsis transcription factors. In this chapter, the
characterization of tomato transcription factors is described.

MATERIALS AND METHODS
Plant materials
Tomato seeds (Solanum lycopersicum cv. Moneymaker) were imbibed in water in
9 cm plastic Petri dishes with two layers of filter paper (No. 2 Whatman Inc., Clifton,
NJ). Tomato seeds were incubated at 25ºC for 12-48 hours (h).

Tissue print
Tomato seeds were bisected with a razor blade and the seed halves were pressed
onto a positively charged membrane for about 15 seconds (s) (Nonogaki and Bradford,
2003).

The tissues were removed and the membrane was UV cross-linked.

The

membrane was pre-hybridized for 15 minutes at 60ºC in hybridization buffer (Nonogaki
et al., 2000; Nonogaki and Bradford, 2003) before being hybridized for 16-18 h at 60ºC
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in the hybridization buffer with 100 ng mL-1 Digoxigenin (DIG) labeled RNA probes.
The membrane was blocked with 5% nonfat milk solution and washed.

Alkaline

phosphatase-conjugated anti-DIG antibody was used to detect the RNA probes
colorimetrically.

Real-time PCR
First-strand cDNA was synthesized from 1 µg of total RNA with QuantiTect
Reverse Transcription Kit according to the manufacturer’s instructions (Qiagen,
Valencia, CA). Quantitative reverse transcription PCR with Taq-Man technology was
performed using first-strand cDNA as a template on a sequence detector system (ABI
PRISM 7000; Applied Biosystems, Foster, CA). Results were normalized using an 18S
rRNA as the internal control.

Bioinformatic analysis
Tomato sequences were searched via unigenes in the EST databases
(http://www.sgn.cornell.edu/
bin/tgi/gimain.pl?gudb=tomato).

and

http://compbio.dfci.harvard.edu/tgi/cgi-

The sequence of NtMyb2 in tobacco (Nicotiana

tabacum) was obtained from NCBI nucleotide database (http://www.ncbi.nlm.nih.gov).
Sequence alignment was performed using NCBI BLAST searches and the Oregon State
University Center for Genome Research and Biocomputing (CGRB) alignment programs.
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RNA probe synthesis
DIG-labeled RNA probe was synthesized using MAXIscript T7/T3 Kit (Ambion,
Austin, TX) using 1 µg of PstI digested DNA and T7 RNA polymerase. RNA synthesis
was performed at 37 °C for 2 h.

Reverse transcription (RT) PCR
Total RNA was extracted from 24 h imbibed tomato seeds using standard phenolSDS extraction (Sambrook et al., 1989) and 2 µg of DNase-treated total RNA was used
for reverse transcription with a RETROscript kit (Ambion, Austin TX). The RT product
was amplified by PCR using Ex Taq DNA polymerase (Takara, Madison, WI) and
primers

for

the

tomato

Myb

gene

(SlMyb2,

see

RESULTS)

(5’

GTTAGAGCTCCTTGTTGTGA 3’ and 5’ CACATCACCATCCACTATAC 3’). The
following conditions were used for PCR: the initial denaturation at 94 °C (4 min), 25
cycles at 94 °C (1 min), 50 °C (1 min) and 72 °C (2 min) followed by extension at 72 °C
(7 min).

RESULTS
Tomato transcription factors that are potentially involved in seed germination
control were selected based on the information of the Arabidopsis seed germinationassociated transcription factors (Ogawa et al., 2003) and tomato unigene sequences
(http://www.sgn.cornell.edu/). Four transcription factors were confirmed to be expressed
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during germination of tomato seeds by real time polymerase chain reaction (real time
PCR) (data not shown).
Stage-specific expression of the four transcription factors was analyzed using
quantitative real time PCR. While three transcription factors, GATA1 (GATA zinc finger
protein 1, C2C2 type), MBF (Multiprotein Bridging Factor) and AS2 (Asymmetric 2)
were expressed at relatively early stages (12 h imbibition), one gene GATA2 (GATA zinc
finger protein 2, C2C2 type) showed highest expression at the relatively later stage (36 h)
which was similar to the timing of LeMAN2 expression (Fig. 3).
To examine tissue-specificity of the expression of the four transcription factors,
RNA was extracted from four different parts of tomato seeds: endosperm cap (EC),
lateral endosperm (LC), cotyledon-half embryo (C), and radicle- half embryo (R) (Fig.4).
GATA2 was expressed primarily in the endosperm, although low level expression of this
gene was also detected in radicle tissue (Fig. 5). The tissue localization of GATA2 was
confirmed by tissue printing (Fig. 6).
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Figure 3. Stage-specific expression of the four transcription factors in tomato seeds
during germination. A, B, C and D, the expression of GATA1, GATA2, MBF and AS2,
respectively. Expression was analyzed by quantitative real time PCR.
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Figure
4.
Photographs
and
schematic representation of the four
different tomato seed parts used for
RNA
extraction
and
gene
expression analysis. EC: endosperm
cap, LE: lateral endosperm, C:
cotyledon-half embryo, R: radiclehalf embryo.
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Figure 5. Tissue-specific expression of the four transcription factors in tomato
seeds during germination. A, B, C and D, the expression of GATA1, GATA2,
MBF and AS2, respectively. Expression was analyzed by quantitative real time
PCR.

Figure 6. Tissue printing of GATA2 expression. The expression was detected
mainly in the endosperm cap and the radicle tip, which is consistent with the
results of quantitative real time PCR in Fig. 5. Schematic representation of
seed exhibiting micropylar specific expression is shown.

Bioinformatic analysis using the databases and sequence alignment revealed that
the tomato GATA2 zinc finger protein is similar to AGP1, a zinc finger protein in
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tobacco. Alignment of the amino acid sequences of the tobacco NtAGP1 and tomato
GATA2 (SlAGP1) showed an 84 % identity. The amino acid sequence of the zinc finger
domain was conserved between the two proteins (Fig. 7).

Consensus
NtAGP1
SlAGP1
Consensus
NtAGP1
SlAGP1
Consensus
NtAGP1
SlAGP1

* *

*

Consensus
NtAGP1
SlAGP1

*

*

*

Figure 7. Alignment of the amino acid sequences of the tomato GATA2 (SlAGP1)
and tobacco AGP1 (NtAGP1). Identical and distinct amino acids are highlighted in
red and blue, respectively. The zinc finger domain is highlighted in yellow. Cys
and His contributing to the zinc finger are marked by asterisks.

In tobacco, NtAGP1 binds the AG motif of the promoter region of NtMyb2, a
Myb transcription factor (Sugimoto et al., 2003). An orthologue of NtMyb2 in tomato
was found in the tomato EST database (http://compbio.dfci.harvard.edu/tgi/cgibin/tgi/gimain.pl?gudb=tomato) (Fig. 8) and was expressed in tomato seeds (Fig. 9).
Alignment of SlMyb2 in tomato with NtMyb2 in tobacco showed an 85% identity (Fig. 8).
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Figure 8. Alignment of the nucleotide sequences of the tomato Myb2 (SlMyb2) and
tobacco NtMyb2. Conserved nucleotides are highlighted in black.
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Figure 8. Alignment of the nucleotide sequences of the tomato Myb2 (SlMyb2) and
tobacco NtMyb2. Conserved nucleotides are highlighted in black.
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Figure 9.
SlMyb2 expression in
germinating tomato seeds. Total RNA
was extracted from 24 h-imbibed seeds
and used for reverse transcription to
synthesize cDNA. SlMyb2 was amplified
using Myb specific primers.

DISCUSSION
It is known that LeMAN2 encodes for the endosperm cell wall modifying enzyme
endo-β-mannanase and is induced by GA (Nonogaki et al., 2000). However, upstream
regulators of LeMAN2 are unknown. Taking advantage of the sequenced genome of
Arabidopsis thaliana, GA-inducible transcription factors potentially associated with seed
germination have been identified (Ogawa et al., 2003). Tomato orthologues of the known
Arabidopsis GA-inducible transcription factors were found using bioinformatics.
Quantitative real time PCR revealed that four transcription factors, AS2, MBF, GATA1
and GATA2 were expressed in tomato seeds during germination.

Three of these

transcription factors, AS2, MBF and GATA1 were expressed mainly in the early stage of
seed germination (12 h). In contrast, GATA2, a GATA zinc finger gene was highly
expressed during the later stage of seed germination (36 h). The expression pattern of
GATA2 is very similar to that of LeMAN2 whose expression reached the peak during the
later stages of germination. Real time PCR using RNA extracted from the endosperm
cap (EC), lateral endosperm (LC), radicle half embryo (R) and cotyledon half embryo (C)
indicated that, while GATA1, AS2 and MBF were expressed in all tissues to a certain
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level, GATA2 was expressed primarily in the endosperm cap (Fig. 5 and 6). Thus, the
tissue specificity of the GATA2 was also similar to that of LeMAN2. This was confirmed
by tissue print analysis. These results suggest that GATA2 could be involved in the
regulation of LeMAN2 expression.
The tomato GATA2 transcription factor is a GATA zinc finger protein and similar
to AGP1, an AG-motif binding protein in tobacco. The amino acid sequence of GATA2
displayed an 84% identity with the amino acid sequence of NtAGP1. The zinc finger
domain containing the characteristic 2 cysteines and 2 histidines was completely
conserved between these two proteins (Fig. 7). It is possible that GATA2 directly
induces LeMAN2 since a GATA motif is found in the promoter region of LeMAN2 (Fig.
10). Alternatively, GATA2 might be involved in the regulation of LeMAN2 expression in
an indirect manner through the activation of a direct regulator of LeMAN2.
GA

GATA2
(SlAGP1)

Direct control?

Induction of Myb protein?
AGACCAA

SlMyb2

AG motif

GATA2
(SlAGP1)

SlMyb2

LeMAN2 (SlMAN2)
GATA
motif

Myb
motif

Figure 10. The hypothetical schematic of LeMAN2 regulation by the transcription
factor GATA2. GATA2 could interact with the GATA motif in the promoter region
of LeMAN2 and directly activate LeMAN2. Alternatively, GATA2 might be involved
in the induction of LeMAN2 in an indirect manner through the activation of a Myb
protein.
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In tobacco, NtAGP1, an orthologue of tomato GATA2, functions by binding to
the AG motif (AGATCCAA) in the promoter region of NtMyb2, a Myb gene (Sugimoto
et al., 2003). EST database search and RT PCR have shown that the tomato Myb gene,
SlMyb2 which shows an 85% identity to the tobacco Myb gene, is expressed during seed
germination (Fig. 9). Therefore, it is possible that GATA2, a tomato orthologue of
NtAGP1, binds to the promoter region of SlMyb2 and activates this tomato Myb gene.
SlMyb2 might in turn bind to a Myb motif in the LeMAN2 promoter and activate its
expression (Fig 10). This hypothesis needs to be examined by testing whether the tomato
GATA2 (SlAGP1) physically interacts with the AG motif-containing sequence in the
promoter region of SlMyb2, and also whether SlMyb2 could bind to the Myb motifcontaining region of the LeMAN2 promoter, with a gel mobility shift assay in future
experiments.
To determine additional upstream regulators of LeMAN2 and other genes involved
in tomato seed germination, a tomato GeneChip with about 9,000 gene probes can be
used. We are currently conducting hybridization of RNA extracted from the endosperm
cap, lateral endosperm, radicle half embryo and cotyledon half embryo with the tomato
GeneChip in collaboration with RIKEN Plant Science Center, Japan. From this analysis,
additional genes expressed primarily in the endosperm cap will be identified. Future
work will involve the characterization of genes identified from this analysis to elucidate
the molecular mechanisms of seed germination.
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Chapter 3

General Conclusion

Jing Sun
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Germination is strictly defined as the physiological events prior to the emergence
of the radicle. Radicle emergence occurs through the endosperm cap, the region of
endosperm adjacent to the radicle tip. Seed germination occurs only when the growth
potential of the embryo is greater than the opposing mechanical resistance of the
endosperm cap.

Understanding endosperm cell wall weakening is essential for

determining the mechanisms involved in seed germination. In tomato endosperm, the
major cell wall polysaccharide is galactomannan. Therefore, understanding the function
and the regulation of LeMAN2 endo-β-mannanase is critical to elucidate the mechanisms
of seed germination in this species. While it is clear that LeMAN2 is inducible by GA,
the upstream regulators of LeMAN2 and molecular mechanisms through which GA
activates this gene are not understood. In this thesis research, potential regulators of
LeMAN2 have been identified and characterized. GATA2, a GATA zinc finger gene is
expressed in a temporal and spatial manner similar to that of LeMAN2 and is a potential
upstream regulator of LeMAN2. The same GATA zinc finger domain is found in both
tomato and tobacco AGP1. NtAGP1 binds to the AG motif in the promoter of NtMyb2.
A similar Myb protein is expressed in germinating tomato seed. A Myb binding motif is
found in the promoter region of LeMAN2. These new findings have provided new
hypotheses concerning the potential direct and indirect regulation of LeMAN2 during
seed germination.
In addition, this thesis research also provided a good example of translational
biology where the information obtained from the model plant Arabidopsis was translated
into tomato, a model crop species. This type of approach can be expanded to other crop
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species which are important for agriculture and our diet and also wild species which are
important for our environment.
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